Abstract. Emmprin (extracellular matrix metalloproteinase inducer, CD147) is a glycosylated transmembrane protein, consisting of two immunoglobulin domains, that stimulates the production of matrix metalloproteinases (MMPs) by tumor-associated fibroblasts. These effects play important roles in tumor invasion and metastasis. However, the precise mechanisms by which emmprin acts on fibroblasts have not been fully elucidated, especially in sarcoma cells. Previously, we demonstrated that emmprin, expressed in conditioned medium collected from the epithelioid sarcoma cell line (FU-EPS-1), stimulates MMP-2 production via interactions with fibroblasts. In this study, we used microvesicles derived from sarcoma cells, and determined whether emmprin exists in the microvesicles, which enhance the production of MMP-2 via fibroblasts. Microvesicles released from FU-EPS-1 cells were shown to contain full-length emmprin, identified as a 45-kDa protein characterized by polylactosamine glycosylation. Microvesicles collected from FU-EPS-1 cells transfected with emmprin-specific siRNA or transduced with shRNA displayed significantly reduced MMP-2 production by fibroblasts compared with those from control-transfected cells. Our findings show that emmprin is released through microvesicle shedding in sarcoma cells, and emmprin in microvesicles regulates MMP-2 production by influencing the activity of fibroblasts located at sites distant from the tumor cells.
Introduction
Tumor cells and stromal fibroblasts mutually interact. Particularly, a process of degradation and reconstruction of the neighboring stroma is essential for cancer invasion. Matrix metalloproteinases (MMPs) play a central role in this process. Emmprin regulates the production of MMP-2 by mediating this interaction between the tumor cells and the fibroblasts. Emmprin is a membrane glycoprotein with two extracellular immunoglobulin-like domains and has molecular weight of 44-66 kDa depending on the degree of glycosylation (1, 2) . Emmprin is expressed more abundantly in tumor cells than in fibroblasts. A number of studies have reported that emmprin is expressed at a significantly higher level in malignant tumors compared to benign or normal tissues, and that the high emmprin expression is correlated with malignancy and/or poor prognosis (3, 4) . In humans, 24 MMPs that degrade stroma have been discovered. They are broadly classified into secretory and membrane types. MMP-2 represents the secretory MMPs in tumors. MMP-2 is expressed in both tumor cells and fibroblasts, with predominant expression observed in fibroblasts in direct contact with tumor cells. However, not only the fibroblasts neighboring the tumor cells but also those located at sites distant from tumor cells express MMP-2.
Co-culture is one of the methods of observing interactions between the tumor cells and the fibroblasts. Co-culture of fibroblasts and tumor cells significantly enhances the MMP-2 expression by fibroblasts via emmprin. This phenomenon is also observed when an epithelioid sarcoma cell line is used (5) . Our laboratory previously demonstrated that conditioned medium of epithelioid sarcoma cells contains full-length emmprin, and that the addition of this conditioned medium to fibroblasts led to enhanced MMP-2 expression by the fibroblasts, which was suppressed by anti-emmprin neutralizing antibody (5). This result indicated that emmprin is released from the sarcoma cells and acts on fibroblasts located at sites distant from the tumor cells.
Emmprin is likely secreted in two forms: released by proteolytic cleavage, or released with the membrane in the form of microvesicles. Egawa et al have reported the proteolytic cleavage of emmprin by MT1-MMP based on their experiments using human epidermoid carcinoma cell line and human fibrosarcoma cell line (6). In our prior experiments using sarcoma cells, emmprin in the conditioned medium was detected as a full length protein. However, the precise mechanism, by which full length emmprin is released, have not been determined.
In the present study, we have used microvesicles to directly examine our phenomenon-based hypothesis that emmprin exists in the form of microvesicles in the conditioned medium, and that emmprin packaged in the microvesicles facilitates MMP-2 production by acting on fibroblasts located at distant sites from the tumor cells.
Materials and methods
Cell culture. Epithelioid sarcoma cell line FU-EPS-1 was established in our laboratory from a patient with epithelioid sarcoma who had not received any chemotherapy before surgical resection (7) . The cell line was maintained in growth medium, D-MEM/Ham's F-12 (Wako, Japan), supplemented with 10% fetal calf serum (FCS). The human dermal fibroblast ST353 was obtained from non-lesional dermis around nodular fascitis. ST353i was immortalized by transduction of human telomerase reverse transcriptase (hTERT).
Preparation of microvesicles.
Microvesicles from cell-cultured medium were prepared as previously described (8) (9) (10) . FU-EPS-1 cells were cultured to sub-confluency in the growth medium. The cells were washed with serum-free medium and cultured further in DMEM/Ham's-F12 without serum for 48 h. Conditioned medium was centrifuged at 1500 g 15 min to remove cells and large debris. Supernatant was centrifuged at 50,000 g for 1 h at 4˚C. Pelleted microvesicles were re-suspended in serum-free medium containing 0.2% lactalbumin enzymatic hydrolysate. Vesicles were quantified based on tumor cell counts.
Electron microscopy. Microvesicles were applied on 400 mesh nickel parlodion-coated grids and allowed to settle. Samples were blocked in 5% normal goat serum for 30 min, rinsed in PbS and incubated with anti-emmprin antibody at 4˚C overnight. Grids were washed with PbS, incubated with gold nanoparticle conjugated anti-mouse secondary antibody (Abcam, Cambridge, Uk) for 1 h and then rinsed with PBS again. Grids were fixed in 2% glutaraldehyde in PbS, rinsed, and then negatively stained with 1% phosphotungstic acid (pH 6.0), before being analyzed under an electron microscope. Specificity of immunolabeling was determined by comparing results obtained with gold-labeled secondary antibody only.
Immunoblotting. SDS-PAGE and immunoblotting of microvesicles and cell lysates were performed using 4-15% Mini-PROTEAN TGX gel (bio-Rad, Hercules, CA, USA), immobilon membrane (Millipore, Bedford, MA, USA), antibodies against emmprin (monoclonal antibody, clone 109403, R&D System, Flanders, NJ, USA; goat polyclonal antibody against N-and C-terminal region of emmprin, Santa Cruz biotechnology, Santa Cruz, CA, USA), and MMP-2 monoclonal antibody (Daiichi Fine Chemical, Toyama, Japan) as described previously (5).
Glycosidase digestions. Extracted membrane protein from microvesicles were reacted with incubation buffer (100 mM NaH 2 PO 4 (pH 7.0), 10 mM EDTA, 1% NP-40, 0.1% SDS, 1% 2-mercaptoethanol) containing 10 U/ml N-glycosidase F (Roche, basel, Switzerland) for 24 h at 37˚C. The trichloroacetic acid was added to a final concentration of 3.3%, and the samples were incubated at 4˚C overnight. The samples were centrifuged at 10,000 rpm for 10 min to remove supernatant. The pellet was lysed in 4X concentrated Laemmli sample buffer and analyzed by SDS/PAGE and immunoblotting.
Precipitation with biotinylated Sophora japonica agglutinin.
Microvesicles were lysed in precipitation buffer (1% CHAPS, 25 mM HEPES, pH 7.5, 150 mM NaCl, 5 mM MgCI 2 , protease inhibitor cocktail) at 4˚C overnight. After centrifugation (42,000 rpm, 1 h), the supernatant was incubated at 4˚C overnight with biotinylated Sophora japonica agglutinin (PHA-l, Vector laboratories, burlingame, CA, USA), followed by incubation with avidin agarose beads (Thermo Fisher Scientific, Waltham, MA, USA) at 4˚C for 1 h. After washing with precipitation buffer and centrifugation (4,000 rpm, 1 min), the pellet was lysed in 4X concentrated Laemmli sample buffer and analyzed by SDS/PAGE and immunoblotting.
Transient knockdown of emmprin by RNA interference. Small interference RNAs (siRNAs) sequences were used for transient knockdown of emmprin mRNA. siRNAs targeting the emmprin were designed and synthesized (Invitrogen Corp., Carlsbad, CA, USA), and transfection was carried out using Oligofectamine transfection reagent in Opti-MEM (Thermo Fisher Scientific) in the absence of serum and antibiotics according to the manufacturer's instructions. knockdown of emmprin expression in FU-EPS-1 cells was analyzed by immunoblotting.
Stable knockdown of emmprin by RNA interference. To establish the cells stably expressing shRNA against emmprin, we used the BLOCk-iT Lentiviral RNAi Expression system (Invitrogen Corp.), as described previously (11, 12) . Genespecific insert (5'-CACAGTCTTCACTACCGTAGCGAACT ACGGTAGTGAAGACTGTGC-3') was cloned into plenti6 according to the manufacturer's instructions. The lentivirus was produced in HEk 293FT cells using the ViraPower lentiviral expression system (Invitrogen), and the virus-containing media were harvested for infection. lentivirus expressing lacz shRNA was used as a control. Stable shRNA expressing cells were propagated and maintained in the presence of blasticidin (5 µg/ml; Invitrogen).
Enzyme-linked immunosorbent assay (ELISA).
The protein concentrations of MMP-2 were measured using human MMP-2 Quantikine ElISA kit (R&D System, Minneapolis, MN, USA) as per the manufacturer's instructions.
Results
Determination of emmprin localization in microvesicles using immunoelectron micrographs. we first examined whether emmprin protein exists in microvesicles using immunoelectron microscopy. Microvesicles purified by ultracentrifugation obtained from the conditioned medium of the FU-EPS-1 cells were subjected to immunoelectron micrography using post-embedding labeling methods. Microvesicles showed closed circle structures of 100-300 nm in diameter, similar to those of prior reports (10, 13) . black spots represent gold particles conjugated with anti-emmprin monoclonal antibody and indicate emmprin localization in microvesicles (Fig. 1) . No gold particles were found in the control electron micrographs. Our data indicates the presence of emmprin in the microvesicles collected from FU-EPS-1 cells.
Full length emmprin expression in microvesicles released
from epithelioid sarcoma cells. we next examined whether emmprin contained in the microvesicles was the full-length protein identical to the form expressed on the tumor cell surface. Membrane proteins were extracted from total cell lysates and microvesicles, both obtained from the FU-EPS-1 cells. Immunoblotting with anti-emmprin monoclonal antibody detected ~ 45 kDa emmprin band, which was also observed with antibodies raised against the N-and C-terminal domain of emmprin, indicative of the release of full-length emmprin. Almost identical emmprin immunoreactivity was observed in total cell lysate and microvesicles (Fig. 2) . These findings indicate that microvesicles also contain the full-length emmprin.
Presence of N-glycosylation with polylactosamine in emmprin released as microvesicles. we assessed the glycosylation of the emmprin released in the microvesicles. It is reported that emmprin-induced stimulation of MMP production in fibroblasts is dependent on N-glycosylation of its extracellular domains (14) (15) (16) . Treatment of microvesicles with N-glycosidase F, which removes all glycosylation, increased the electrophoretic mobility of the observed emmprin protein band. A 27-kDa band was observed upon treatment with N-glycosidase F, which is consistent with the size of the core emmprin protein (Fig. 3A) . Further, emmprin released as microvesicles was precipitated by PHA-l lectin, indicative of the presence of β1,6 (beta 1,6) branching and polylactosamines (Fig. 3b) (17,18) . Overall, the data suggest that the full-length 45-kDa emmprin protein, identified in the microvesicles released from FU-EPS-1 cells, was characterized by polylactosamine glycosylation.
Emmprin derived from microvesicles regulates MMP-2 production by fibroblasts. Finally, we examined the function of emmprin in microvesicles. In particular, we were interested in elucidating whether emmprin in microvesicles also regulates the production of MMP-2 from fibroblasts. siRNA or shRNA inhibition of emmprin expression in tumor cells was used to assess the role of microvesicles associated emmprin in regulation of MMP-2 production from fibroblasts (Figs. 4A and 5A). Immunoblots showed that emmprin expression was markedly reduced in both cell lysates and microvesicles derived from FU-EPS cells transfected with emmprin siRNA (Fig. 4A) or transduced with emmprin shRNA (Fig. 5A ). MMP-2 production by ST353i fibroblasts was determined using ElISA upon treatment with microvesicles isolated from control siRNA transfected tumor cells or those transfected with either emmprin siRNA or shRNA. MMP-2 production from fibroblasts was increased when tumor cell microvesicles were added to the fibroblast cultures (Figs. 4b and 5b) . Microvesicles collected from FU-EPS-1 transfected with emmprin-specific siRNA and transduced with emmprin-specific shRNA displayed significantly reduced MMP-2 production by fibroblasts compared with that of control cells (Figs. 4b and 5b ). These findings indicate that emmprin contained in microvesicles stimulates MMP-2 production from fibroblasts.
Discussion
This is the first study to demonstrate the presence of full-length emmprin with polylactosamine in microvesicles derived from sarcoma cells and to provide evidence for the involvement of such released emmprin in the regulation of MMP-2 expression by fibroblasts. Microvesicles, including the tumor-derived ones, are microparticles that are produced from the cell surface of plasma membrane. A recent study revealed that microvesicles shed from tumor cell lines are rather heterogeneous in size, ranging from 100 nm to 200 nm, and more heterogeneous in shape than exosomes (19, 20) . Various substances such as proteins, RNA, mRNA, and miRNA are present inside or on the surface of microvesicles. The constant secretion of microvesicles from plasma membrane results in the transport of a variety of molecules to distant sites to influence cellular processes (10, 19, 21, 22) .
In the present study, we established the presence of glycosylated full-length emmprin in microvesicles derived from epithelioid sarcoma cells. briefly, using multiple antibodies against emmprin (monoclonal as well as N-and C-terminal polyclonal), we demonstrated that emmprin contained in microvesicles is the full-length protein identical to the form present on the plasma membrane (Fig. 1) . Furthermore, the N-glycosylation modification with the enrichment of polylactosamine was demonstrated in emmprin protein structure (Fig. 2) . Previously we showed that the synthesized first immunoglobulin-like domain can mimic emmprin activity when substituted with chitobiose, the disaccharide with which N-glycosylation starts, indicating an essential role of N-glycosylation for the emmprin activity (16) . These results support our hypothesis that biologically active emmprin is released by epithelioid sarcoma cells predominantly by microvesicle shedding, which is based on our previous report that emmprin exists in the conditioned medium as a full length protein (5) . The presence of emmprin in microvesicles was previously reported using immunoelectron microscopy in a lung carcinoma cell line (8) . Expression of protein and mRNA of emmprin in microvesicles were also demonstrated in ovarian cancer and pancreatic adenocarcinoma (10, 13) . However, there have been very few reports regarding microvesicles in sarcomas compared to those in epithelial malignant tumors. Almost 30 years ago, the presence of microvesicles was reported in a human osteogenic sarcoma cell line (23) . Recently, it was reported that EwS/Fli-1 fusion mRNA of Ewing sarcoma is secreted by microvesicles (24) .
Emmprin is also cleaved by MT1-MMP/MMP-14 from the cell surface and released into the culture medium (6, 25) . Predominance between the emmprin cleaved and secreted and the emmprin shed as a vesicle is plausibly dependent upon the malignancy of the cells, and/or the difference in cell types including their aggressiveness. The variability in the abundance of microvesicles as a function of the cell type was highlighted recently. Embryonal carcinoma cells, a more aggressive testicular germ cell tumor, had a higher amount of microvesicles and a significantly higher emmprin expression level compared to seminoma cells which manifest a lesser degree of malignancy (26) . In addition, it was previously reported that electron microscopy of dermatofibrosarcoma protuberans (DFSP) and dermatofibroma revealed that DFSP, the more aggressive of the two tumors, contained multivesicular buds whereas dermatofibroma lacked them (27) .
It was previously reported using co-culture experiments of laryngeal cancer cells and fibroblasts that MMP-2 expression by fibroblasts requires direct cell-cell contact (28) . The expression of MMP-2 by direct cell-cell contact of tumor cells and fibroblasts is undeniably established as the co-culture of tumor cells and fibroblasts clearly enhances MMP-2 expression (5). However, the upregulation of MMP-2 expression in fibroblasts in the vicinity of a tumor expressing emmprin but lacking direct contact with tumor cells, is supported by certain pathological observations (29, 30) .
Emmprin likely exists in three cellular and extracellular forms: i) on the cell surface, ii) released after cleavage by MT1-MMP/MMP-14, and iii) secreted in the form of microvesicle shedding (31) . Predominance among these forms of emmprin is likely dependent on the cell type differences including malignancy. limitations of this study include using only one type of cells, epithelioid sarcoma, for the experiments. It remains to be tested that the physiological activity of emmprin in microvesicles is preserved in vivo.
In conclusion, we provided evidence that emmprin contained in microvesicles derived from sarcoma cells is involved in the regulation of MMP-2 production by fibroblasts located at sites distant from the tumor cells. We have successfully clarified a mechanism of action of emmprin, and provided insights into its important role in the invasion of sarcoma cells.
